We present Monte Carlo simulations of dissociation of duplexes formed of complementary single-stranded DNAs with one of the strands attached to the surface. To describe the transition from the bound state to the unbound state of two strands located nearby, we use a lattice model taking DNA base-pair interactions and comformational changes into account. The results obtained are employed as a basis for a more coarse-grained model including strand backward association and diffusion resulting in complete dissociation. The distribution of the dissociation time is found to be exponential. This finding indicates that the non-exponential kinetic features observed in the corresponding experiments seem to be related to extrinsic factors, e.g., to the surface heterogeneity.
Introduction
Kinetic processes, involving long biological molecules such as proteins, enzymes, RNAs and DNAs, are often complex due to the complexity of their structure and a multitude of likely conformations. The understanding of such processes is a challenge for scientists working in different areas of natural sciences. One of the best examples here is protein folding [1] [2] [3] [4] . During the past two decades, this problem has been central in this field, and despite all the efforts many of its aspects are still open for debates. Another general problem attracted attention since the middle of the sixties is the effect of temperature on the DNA structure or, more specifically, DNA melting [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . More recently, DNA adsorption has attracted attention as well [22] [23] [24] [25] . With the development and potential applications of nanoscience, many other aspects of the behaviour of complex biological molecules become of interest. One of the relevant examples, related to the development of ultrasensitive bioanalytical sensors, is DNA hybridization on nanoscale probes [26] [27] [28] [29] and/or on DNA-modified surfaces [30] [31] [32] [33] [34] . This process occurs via the interplay of association of single-stranded DNAs, consisting of complementary base pairs, and dissociation of duplexes formed of these strands. The corresponding experiments were performed at room temperature, well below the DNA melting temperature, T (depending on the conditions, T is usually in the range from 70 to 110°C [15] ), and the results obtained clearly indicate that the kinetics of dissociation of duplexes is non-exponential [30] [31] [32] [33] . In particular, the experiments exhibit the fast initial phase followed by much slower late phase. Formally, the whole kinetics can accurately be described by using a double exponential fit [30] [31] [32] [33] .
The physics behind the non-exponential kinetic features observed in the experiments [30] [31] [32] [33] is not clear. The conventional theory of dissociation of simple molecules and the theory of monomolecular reactions occurring in the gas phase indicate that elementary reactions are exponential [35] . Compared to these reactions, the mechanism of the reaction under consideration is however different. It includes multiple sequential reversible processes of breaking bonds between complementary base pairs. In this case, in general, the non-exponential kinetics may be related to extrinsic or intrinsic factors, i.e., to some kind of extrinsic heterogeneity, e.g., the surface heterogeneity, or inherent complex process dynamics (it can be dependent on the heterogeneity of base-pair interactions), respectively.
Concerning the extrinsic factors, we may note that real surfaces are inherently heterogeneous. Even in the case of single crystals, the surfaces contain, for instance, steps complicating often adsorption kinetics or kinetics of catalytic reactions. The surfaces used to study adsorption of biological molecules are heterogeneous at least on the µm scale and may be heterogeneous on the smaller scales. Biosensors, for example, often rely on the binding activity of surface-immobilized proteins. Immobilization of chemically homogeneous protein species is well known to result frequently in functionally impaired subpopulations, due to constraints in orientation, variable chemical crosslinking, or influence of the microenvironment of the surface [36] . Under such circumstances, non-ideal (nonexponential) kinetics appear to be almost inevitable. In experiments [32, 33] , the structure of the binding sites was, however, more complex. In particular, the sensing template was formed via subsequent self-assembly of biotinylated copolymer (PLL--PEG/PLL--PEGbiotin), streptavidin, and biotinylated DNA onto the negatively charged silicon dioxide surface. The PLL--PEG copolymeric system is well suited to such studies as it forms a monomolecular adlayer with sufficient stability for investigation at neutral pH and in a wide range of ionic strength values [37] . Thus, the effect of the surface heterogeneity on the DNN strands was relaxed by streptavidin and underlying copolymer. In this case, one could expect that the surface heterogeneity would be irrelevant and that the non-exponential kinetics could be related to inherent complex dynamics. In this work, we present kinetic Monte Carlo (MC) simulations clarifying the likely role of the latter factor. Phenomenologically, the duplex dissociation can be described by using the first-order equation with the dissociation rate constant, dis . Physically, this process can be divided into three steps including (i) transition from the bound state to the unbound state of two strands located nearby, (ii) backward association to the bound state, and (iii) diffusion of one of the strands away resulting in the transition to the fully unbound state. The simplest kinetic equations for these steps are as follows
where b and u are the probabilities to be in the bound and unbound states, and 1 , 2 , and 3 are the rate constants of steps (i), (ii) and (iii), respectively. Since The applicability of expression (4) for the dissociation rate constant is of course limited because its derivation implies the existence of three discrete states. In addition, the population of the unbound state of two single-stranded DNAs located nearby should be low compared to the population of the bound state (this condition is fulfilled). One should also bear in mind that the introduction of a single rate constant for dissociation implies that the dissociation kinetics is exponential. Despite all these limitations, expression (4) is instructive, because it explicitly shows that the dissociation process includes three subprocesses, and that the dissociation rate is determined by the interplay of these subprocesses. Each of these subprocesses is complex by itself and accordingly may, in principle, result in non-exponential features in the dissociation kinetics. In our work, we present the first self-consistent MC simulations of all these processes. In reality, the subprocesses described above occur via a multitude of states, and their full scale simulation is hardly possible. To tackle this problem, we use a two-step strategy. First, in Sec. 2, we employ a lattice model, taking DNA conformational changes into account, in order to describe the transition from the bound state to the unbound state of two strands located nearby. For this process, we calculate the distribution of the time of the first passage to the unbound state. The results obtained are then used in Sec. 3 as a basis for more coarse-grained simulations including strand backward association and diffusion resulting eventually in complete dissociation. Our key findings are summarized in Sec. 4.
The lattice model we employ in Sec. 2 takes a multitude of conformations into account and can be used as a tool for clarifying whether the kinetics of dissociation of duplexes formed of complementary single-stranded DNAs is exponential. For example, we may mention that the lattice simulations [38] show that the kinetics of denaturation of adsorbed proteins can be non-exponential. In analogy, one could expect that our lattice model would predict nonexponential kinetics as well.
First passage to the unbound state

Model
To analyse the transition from the bound state to the unbound state of two single-stranded DNAs located nearby, we use a generic 2D lattice model. To introduce the model, we recall for that a DNA molecule consists of two polynucleotide chains (strands) composed of four types of nucleotide subunits [39] . Each nucleatide is composed of a five-carbon sugar (deoxyribose) to which are attached a phosphate group and a nitrogen-containing base. The base may be either adenine (A), cytosine (C), guanine (G), or thymine (T). The nucleotides are covalently linked through the sugars and phosphates, while the hydrogen bonds between the bases (two or three bonds per a basebase contact) belonging to different chains maintain them together.
In the coarse-grained lattice models like that employed here, each single-stranded DNA is represented by a chain of beads, and each bead mimics a nucleotide. In our model, each DNA strand is represented by a chain of +1 beads, which are constrained (along the chain) to be nearestneighbor (nn) or next-nearest-neighbours (nnn) on the 2D square lattice. Each lattice site can be occupied at most once. The bead moves are allowed only along one of the axis, or, more specifically, along the substrate surface (as shown in Fig. 2 ). In combination with the allowance of only nn or nnn sites for nn (along the chain) beads, this means that the absolute value of the difference of the coordinates of such beads along this axis may be 0 or 1 (this condition is the same as in the restricted solid-on-solid model which was widely used to describe molecular beam epitaxy [40] and also was used to simulate DNA denatura- tion, see e.g. Ref. [14] ). The energy of a given conformation of two chains is assumed to be the sum of the bead-bead interactions (hydrogen bonds) associated with topological contacts of beads belonging to different chains [the subscript (1 ≤ ≤ ) represents the bead coordinate along the axis perpendicular to the substrate], i.e.
where l and r are the coordinates of the beads along the substrate (the superscripts l and r correspond to the leftand right-hand-side chains, respectively), and δ(0) = 1 and 0 otherwise. The lower bead (with = 0) of the lefthand-side chain is considered to be fixed. This condition corresponds to attachment to the substrate. The upper end of the right-hand-side DNA strand is assumed to be either free or attached to a mobile particle (e.g., to a vesicle as in the experiment [32, 33] ). These situations are mimicked below by specifying the rules of the moves of the upper bead (with = + 1) of the right-hand-side chain. The algorithm of our simulations of dissociation kinetics includes sequential trials to realize bead moves. A bead belonging to one of the chains is chosen at random. The bead-jump direction (to the left or right) is selected at random. If a jump in the direction selected is possible, i.e., there is a vacant nn site and after replacement to this site the bead does not violate the spatial constraints imposed on the chain conformations, the jump is realized with the probability given by the standard Metropolis rule [41] ,
where ∆E = E − E is the energy difference of the final and initial bead states. This rule is used for movable beads of the left-hand-side chain and for beads of the right-hand-side chain. The energy of the upper bead (with = + 1) of the right-hand-side chain does not change under the moves (because it does not contact the lefthand-side chain). In our model, this bead is either free or represents an agglomerate including e.g. a vesicle, and accordingly its diffusion may be slower compared to other beads. Taking this point into account, the jumps of the latter bead are realized with probability up ( up ≤ 1). At = 0, the chains were considered to be in the state with the minimum energy as shown below in Fig. 2(a) . To measure time, we use MC steps (MCS). After each MC trial, the time is incremented by | ln(ρ)|/(2 + 1), where 2 + 1 is the number of movable beads, and ρ (0 < ρ ≤ 1) is a random number. As usual, one MCS is identified with ∆ = 1. On average, this corresponds to 2 + 1 MC trials. To characterize the transition from the bound state to the unbound state with two chains located nearby, we use the time of the first passage, fp , to the unbound state, i.e., to the state without topological contacts of beads belonging to different chains. Executing a series of MC runs, we calculate the distribution of fp .
Validation
In reality, the dissociation of DNA duplexes occurs primarily via local rupture of hydrogen bonds between complementary base pairs and more global moves including, for example, unwinding of the DNA strands. The latter moves are relatively rapid, and the rate of the whole process is controlled mainly by the rupture of local bonds. Our model, constructed in analogy with many other similar models used earlier to treat DNA melting [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , takes into account the local rupture of bonds and accordingly is robust despite the simplified treatment of more global moves.
In addition, the disruption of a given base pair depends on its location (internal or at the end of the chain). Although in our model this effect can be mimicked by modifying the interaction of the corresponding beads, we do not scrutinize this factor, because in our case we have a much more important perturbation in the end of the chain, namely, an attached mobile particle (e.g., a vesicle). The jump rate of the bead representing this particle was varied in a very wide range (see below) and it does not change the type of the dissociation kinetics. The other weaker "end-related" factors cannot change the type of the kinetic either.
To simulate the DNA dissociation, we use the Metropolis dynamics. In the literature, one can sometimes read that this dynamics is suitable to describe thermal equilibrium and unsuitable to simulate kinetics. The former is right in general, because this dynamics satisfies the detailed balance principle. The latter is often right but not always. In particular, the use of the Metropolis dynamics for simulations of kinetics can be validated in the case of attractive interactions between particles (like in our model or in numerous models of protein folding). To outline the physics behind the Metropolis rule in this case, we recall that in general the dimensionless MC probabilities can be obtained [41] by normalizing the rate constant of a given move, → , to the properly chosen maximum rate constant, . According to the transition state theory, we
where ν is the preexponential factor, and E is the energy of a system in the activated state. In our case, E is equal either to or to zero. Taking into account that < 0, can be chosen among the rate constants of the transitions with E = 0. In addition, we can consider that E is independent of and neglect the difference in the per-exponential factors for various moves, i.e., we can write ν ≡ ν for all . Thus, we can use = ν exp(−E / B T ). This physically reasonable specification results in the Metropolis rule (6).
Parameters
The model parameters we have are , up , and . Physically, the bead-bead interactions represent primarily the difference of the energies of the hydrogen bonds between complementary base pairs and the hydrogen bonds of these pairs with the solution after the rupture. Quantitatively, this difference is lower than the energy of bonds. In analogy with numerous previous studies of the effect of temperature on the DNA structure [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] (or simulations of protein folding [1] [2] [3] [4] ), we note that the bead-bead interaction should be −2 B T or somewhat stronger.
In principle, one can try to scrutinize the bead-bead interaction (see e.g. a recent study by Sambriski et al. [21] ). This robust strategy unfortunately inevitably requires a lot of additional assumptions and parameters which can hardly be accurately calculated. For example, the effect of the ionic strength on the electrostatic interactions can be taken into account by using the Debye-Hückel (or Poisson-Boltzmann) theory. The corresponding results are crucially dependent on the dielectric constant. This constant is however poorly defined in the most important region just near DNA. For this reason, we employ a simpler strategy. In particular, we present the results for two opposite types of the bead-bead interactions. The first type implies that all the bead-bead interactions are the same. For the second type, the interactions are defined as = −ρ * , where * > 0 is a model parameter and ρ (0 < ρ ≤ 1) is a random number (this number is generated separately for each bead-bead pair before a series of MC runs). The interactions of any other type are between these two types and the corresponding results are expected to be between as well. Thus, our strategy makes it possible to clarify what we can get in the framework our model. To realize the strategy outlined above, we have used six sets of the model parameters:
Set 1 implies that all the bead-bead interactions are the same, = −1 5 B T , and that the mobility of the upper bead of the second chain is the same as that of the other beads, i.e., up = 1.
Set 2 is similar to set 1 except that up = 0 001. The latter means that the mobility of the upper bead of the second chain is appreciably lower than that of the other beads. Set 3 takes the heterogeneity of the bead-bead interactions into account. In particular, we employ = −ρ * with * = 3 B T . The mobility of the upper bead of the second chain is considered to be the same as that of the other beads, i.e., up = 1.
Set 4 is similar to set 3 except that up = 0 001. Sets 5 and 6 are similar to set 3 except that * = 2 B T and 4 B T , respectively.
The simulations were performed for 5 ≤ ≤ 20.
Concerning these parameters, we may repeat that the bead-bead interaction energies we use are about the same as those employed in the simulations of DNA melting [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Below, we show that the corresponding MC time of the first passage to the unbound state is in reasonable agreement with the experiment. Thus, the parameters we employ are physically reasonable.
Results
The results of our simulations are presented in Figs. 1-6 . In particular, Fig. 1 shows typical dependence of the number of bead-bead contacts on time. In this example (with = 15), the maximum number of contacts is 15. During a MC run, the number of contacts is distributed almost uniformly between 9 and 15, i.e., the average number of contacts is about 12. Very rarely, due to fluctuations, the number of contact becomes appreciably lower than the average number or, more specifically, lower than 9. Such periods are very short. The transition to the unbound state (in the end of the run) is short as well. Typical conformations of the chains are exhibited in Fig. 2 . The distributions of fp for sets 1-4 of the model parameters and = 15 are presented in Fig. 3 . In all the four cases, the distributions are close to the exponential one (this finding is in agreement with the analysis of the life time of bubbles in DNA at T < T [15] ). The corresponding average values of the time of the first passage to the unbound state, fp = 7 5 × 10 4 , 9 2 × 10 4 , 1 4 × 10 5 , and 1 7 × 10 5 MCS, indicate that the appreciable reduction of the mobility of the upper bead of the right-hand-side chain results only in a minor change in the kinetics. The dependence of ln( fp ) on is found to be perfectly linear for sets 1 and 2 with equal bead-bead interactions (Fig. 4(a) ) and approximately linear for sets 3 and 4 with unequal bead-bead interactions (see, e.g., Fig. 4(b) ). For sets 1 and 2, one could expect that the derivative ln( fp )/ would be close to − / B T or to 1.5. The simulations, however, indicate that this derivative is about 0.57, i.e., appreciably lower. This seems to be related with high entropy of the states with a low number of the beadbead contacts. The distributions of fp for the parameter sets 5 and 6 are close to the exponential one as well (see Fig. 5 (Fig. 6 ). This means that the dependence of fp on temperature is of the Arrhenius type and that the apparent activation energy for dissociation is proportional to * .
MC time vs. real time
In our examples above, we operated with MC time. The MC and real times are related as MC = real , where = ν exp(−E / B T ). This means that the real average first-passage time for dissociation can be obtained by dividing the MC average first-passage time by . Using for estimates the so-called normal pre-exponential factor ν = 10 12 s
and E = 5 kcal/mol (in reality, E may be somewhat larger), we obtain 10 8 s
(or somewhat lower) at 300 K. With our parameters, the MC average first-passage time for = 15 is about 10 7 s or shorter (see Fig. 6 ). Thus, the real average first-passage time is predicted to be about 10
s. It can be somewhat shorter or longer depending on the parameter choice (note that the slope of the line in Fig. 6 is 1.9 , and accordingly one should increase the ration * / B T by 0 5 in order to increase fp by one order of magnitude). To compare this time with the dissociation time measured in the experiment, one should recognize that the former time can be shorter by one or two orders of magnitude than the latter time, because the whole dissociation process is influenced by diffusion of one of the DNA strands away [see Eq. (4) and the results presented in Sec. 3 below]. In reality, the dissociation time is about 10-100 s. Thus, the scale of the first-passage time for dissociation, predicted by our model, is in reasonable agreement with the experiment.
Initial and full dissociation
To analyse the interplay between the initial strand dissociation, backward strand association and diffusion resulting eventually in complete dissociation, we use the simplest coarse-grained 3D lattice model representing two strands by two monomers in a simple cubic lattice (this implies that the lattice spacing is comparable with the size of the strands). Monomer 1 is attached to the lattice boundary as shown in the insert in Fig. 7 (this condition mimics the attachment of one of the strands to the substrate). Monomer 2 is allowed to diffuse via jumps to vacant nn sites. The latter monomer is in the unbound state provided that it has no nn lateral contact with monomer 1. If monomer 2 has nn lateral contact with monomer 1, it can be either in the unbound state or in the bound state. At = 0, monomer 2 is in the bound state. The transition from the bound state to the unbound state is described by generating the exponential distribution of the corresponding time fp (this step has been validated in the first part of our work). The complete dissociation is considered to occur when the distance between monomers becomes equal or larger than 10. This prescription, defining the dissociation time dis , is physically reasonable. Using the conventional theory of diffusion-limited reactions [42] , one can easily estimate that at larger distances the probability of the backward association is lower than or approximately equal to the ratio of the monomer size and the distance introduced, i.e., ≤ 1/10, and accordingly can be neglected.
Traditionally, the reversible diffusion-influenced dissociation is described by using a hard-sphere model with the interaction and boundary conditions formulated in terms of the Dirac delta function [43] . The corresponding solution is, however, cumbersome. In our context, a 3D lattice model is preferable, because its formulation and MC realization are much simpler and it allows us to take the support and lateral strand association into account. In addition, it can easily be extended to more complex cases.
The distribution of dis depends on the ratio between the rates of the initial dissociation, backward association and diffusion, and in general it can be non-exponential [43] . In the case of dissociation of duplexes formed of singlestranded DNAs, one can easily estimate that the initial dissociation is many orders of magnitude slower than backward association and diffusion [in terms of Eq. (4), this means that . In our simulations, we use a special MC algorithm corresponding to this practically important limit. It consists of sequential trials of dissociation, backward association and diffusion of monomer 2: (i) If a monomer is in the bound state, it becomes unbound, and the time is incremented by fp | ln(ρ)|, where ρ (0 < ρ ≤ 1) is a random number. (ii) If a monomer is in the unbound state and can become bound, the transition to the bound state and the diffusion trial are performed with probabilities and 1 − , respectively. (iii) If a monomer is unbound and can only diffuse, the diffusion trial is executed. For diffusion trials performed during steps (ii) and (iii), one of the nearest-neighbour sites is chosen at random, and the jump to the latter site is considered to be successful if the site is vacant (note that the sites corresponding to the substrate are considered to be occupied). After steps (ii) and (iii), the time is not incremented, because these steps are very fast compared to step (i).
The MC simulations executed as described above indicate that the distribution of dis is exponential as, for example, shown in Fig. 7 for = 0 1 and 0 9 (in these cases, the backward association is, respectively, slow and rapid compared to diffusion). 
Conclusion
In summary, we have performed MC simulations of dissociation of duplexes formed of two complimentary singlestranded DNAs and attached to the surface via one of the strands. Employing the coarse-grained lattice model with different sets of bead-bead interactions, we have analysed the transition from the bound state to the unbound state of two strands located nearby. At temperatures corresponding to the experiments [30] [31] [32] [33] , the distribution of the first passage time for this process is found to be exponential irrespective of the type of the bead-bead interactions. Using this finding, we have analysed the interplay of the initial strand dissociation, backward strand association and diffusion resulting eventually in complete dissociation. The latter analysis has been executed in the practically interesting limit when the initial dissociation is slow compared to other steps. The distribution of the dissociation time is found to be exponential as well.
Our findings are indicative that the experimentally observed non-exponential features of the dissociation kinetics [30] [31] [32] [33] are related to some kind of extrinsic factors, for instance, to heterogeneity of the substrate supporting the DNA strands. In MC simulations, the effect of the substrate heterogeneity on the kinetics under consideration can formally be introduced into the model, for example, by assuming that this factor is manifested in the difference of the base-base strand interactions near the surface, i.e., by considering that there are simultaneously duplexes with two (or more) types of bead-bead interactions with this difference. In this case, the apparent dissociation kinetics for an array of duplexes will be superposition of different kinetics and obviously will be non-exponential. At present, such simulations will, however, hardly clarify the situation, because the real problem is in the physics behind heterogeneity. As already mentioned in the Introduction, it may in principle be related to different configurations of streptavidin, which in turn may be related to different configurations of PLL--PEG copolymer (the behaviour of this copolymer may depend on various factors [37] ). The relative role of all these or other likely aspects is now not clear. For these reasons, the attempts to incorporate such details into the simulations are premature. Such simulations may add to our understanding of the situation only provided that there are specific experimental data on the extrinsic heterogeneity in order to validate the model. Although our study is focused on the DNA dissociation kinetics, some our results are of interest beyond this subject. For example, our simulations indicate that the average first-passage time exponentially depends on (Fig. 4) and * (Fig. 6 ). Both these intuitively expected findings are in agreement with the analytical treatment (based on the Langevin equation with Gaussian white noise) of the stochastic bubble dynamics in long DNA chains at T < T [14] . This agreement is not occasional, because the two processes are physically similar. Thus, our results and the results obtained in Ref. [14] are complementary. In a more general context, it is appropriate to note that our work can be reformulated in terms of the theory of the enzyme-catalyzed reactions occurring via the Michaelis-Menten mechanism with the participation of large molecules (concerning this subject, see, for example, a few relevant studies [44] [45] [46] ), and accordingly our findings may be useful in this case as well.
